The deleterious effects of inbreeding have been of extreme importance to evolutionary 24 biology, but it has been difficult to characterize the complex interactions between genetic 25 constraints and selection that lead to fitness loss and recovery after inbreeding. Viruses, 26 bacteria, and the selfing nematode Caenorhabditis elegans have been shown to be capable of 27 rapid recovery from the fixation of novel deleterious mutation, however the potential for 28 fitness recovery from fixation of segregating variation under inbreeding in outcrossing 29 organisms is poorly understood. C. remanei is an outcrossing relative of C. elegans with high 30 polymorphic variation and extreme inbreeding depression. Here we sought to characterize 31 changes C. remanei in patterns of genomic diversity after ~30 generations of inbreeding via 32 brother-sister mating followed by several hundred generations of recovery at large 33 population size. As expected, inbreeding led to a large decline in reproductive fitness, but 34 unlike results from mutation accumulation experiments, recovery from inbreeding at large 35 populations sizes generated only very moderate recovery in fitness after 300 generations. 36
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At the genomic level, we found that while 66% of ancestral segregating SNPs were fixed in 37 the inbred population, this was far fewer than expected under neutral processes. Under 38 recovery, 36 SNPs across 30 genes involved in alimentary, muscular, nervous and 39 reproductive systems changed reproducibly across all replicates, indicating that strong 40 selection for fitness recovery does exist but is likely mutationally limited due to the large 41 number of potential targets. Our results indicate that recovery from inbreeding depression 42 via new compensatory mutations is likely to be constrained by the large number of 43 segregating deleterious variants present in natural populations, limiting the capacity for 44 rapid evolutionary rescue of small populations. 
Impact Summary 66
Inbreeding is defined as mating between close relatives and can have a large effect on the 67 genetic diversity and fitness of populations. This has been recognized for over 100 years of 68 study in evolutionary biology, but the specific genomic changes that accompany inbreeding 69 and the loss of fitness are still not known. Evolutionary theory predicts that inbred 70 populations lose fitness through the fixation of many deleterious alleles and it is not known 71 if populations can recover fitness after prolonged periods of inbreeding and deleterious 72 fixations, or how long recovery may take. These questions are particularly important for 73 wild populations experiencing declines. In this study we use laboratory populations of the 74 nematode worm Caenorhabditis remanei to analyze the loss of fitness and genomic changes 75 that accompany inbreeding via brother-sister mating, and to track the populations as they 76 recover from inbreeding at large population size over 300 generations. We find that: 77 1) Total progeny decreased by 65% after inbreeding 78
2) There were many nucleotides in the genome that remained heterozygous after 79 inbreeding 80
3) There was an excess of inbreeding-resistant nucleotides on the X chromosome 81 4) The number of progeny remained low after 300 generations of recovery from 82 inbreeding 83
Introduction 88 "The evil effects of close interbreeding" have been of importance to geneticists and 89 evolutionary biologists since Darwin first wrote about them in 1896 (Darwin 1896) . 90
Inbreeding depression is defined as the reduction in fitness incurred from reproduction 91 between closely related individuals (Charlesworth and Charlesworth 1987) . This reduced 92 fitness can lead to decreased fecundity and eventual extinction of small populations 93 (Hedrick and Garcia-Dorado 2016) . Inbreeding can have a large effect on the success of 94 conservation of endangered or isolated species (Kardos et al. 2016 ). However, despite a 95 developed understanding of the significance of inbreeding depression, identifying specific 96 alleles contributing to the reduction in fitness has remained a challenge (Hedrick and 97 Garcia-Dorado 2016). From a conservation point of view, we know even less about the 98 likelihood that populations that have undergone a history of inbreeding can recover in 99 fitness via contributions of new adaptive mutations (Hedrick and Kalinowski 2000) . In this 100 sense, inbreeding shifts the population from its current fitness optimum and new mutations 101 or other forms of genetic input are needed to "rescue" the population from continued 102 degradation in fitness (Whitlock and Otto 1999; Whitlock et al. 2003; Gonzalez et al. 2013; 103 Bell et al. 2019) . What is the genetic basis of inbreeding depression and is it possible for a 104 population to recover from the deleterious effects of inbreeding after it has occurred? Here, 105 we address these questions by characterizing fitness reduction and genomic changes in the 106 nematode worm Caenorhabditis remanei after inbreeding and throughout recovery at large 107 population sizes. 108
During inbreeding, large regions of the genome can become homozygous. Inbreeding 109 depression can be caused by an accumulation of recessive deleterious alleles that fix during 110 inbreeding or by the fixation of segregating alleles at loci in which heterozygotes have a 111 fitness advantage (Charlesworth and Charlesworth 1987; Charlesworth and Willis 2009). 112 Mutation accumulation studies have attempted to characterize the spectrum of deleterious 113 alleles (Charlesworth et al. 1993) . Theory suggests that most mutations are slightly 114 deleterious, and over time genetic drift in small or inbred populations will lead to fitness 115 declines as slightly deleterious alleles accumulate (Lande 1994; Lynch et al. 1999; Lynch 116 and Gabriel 1990). For example, in the self-reproducing C. elegans this decline is on the 117 order of 0.1% per generation (Vassilieva et al. 2000) while outcrossing Caenorhabditis 118 experience more rapid fitness decay (Baer et al. 2010 ). Interestingly, populations that have 119 experienced recent fixation of novel deleterious mutations are able, for the most part, to 120 rapidly recover and return to their initial fitness state within a few dozen generations 121 However, inbreeding depression in most populations is likely generated by the 128 accumulation of segregating deleterious mutations over a long period of time and 129 potentially at a large number of loci. Thus, while the effects observed in mutation 130 accumulation studies are the ultimate source of inbreeding depression in natural 131 populations, they may not reflect the long-term segregating effects of mutations that have 132 been filtered through population-level processes of natural selection, genetic drift and 133 genomic linkage. Indeed, inbreeding assays of natural isolates have shown minimal fitness 134 loss in the self-reproducing C. elegans but very severe fitness loss and line-specific 135 extinction up to ~90% in the outcrossing C. remanei (Dolgin et al. 2007 ), with the difference 136 almost certainly driven by the likelihood that deleterious recessive mutations will be 137 exposed to natural selection under these two mating systems (Lande and Schemske 1985) . 138
Thus, while we expect that inbred populations can recover after the fixation of deleterious Because our data were a somewhat heterogeneous combination of paired end and 229 single end sequences at different read depths, we sought to remove potential biases. In 230 particular, segregating polymorphisms were increased in both paired end and high depth 231 samples (S. Table 1 ) and we removed nucleotides with segregating variants in paired-end 232 sequences that displayed fixation (no polymorphism) in the single-end samples. These sites 233 may have been true polymorphisms, but with our design they could not be distinguished 234 from sampling error. We calculated the Site Frequency Spectrum (SFS) for each sample 235 using the minor allele frequencies at each variable site (Fisher 1930; Wright 1938) . 236 237
Runs of Homozygosity 238
We defined a run of homozygosity (ROH) as a region of the genome greater than 1kb in 239 length where minor allele frequency did not exceed 3%. This was roughly the threshold of 240 detection (equivalent to 1-2 sequence reads) for our samples that were sequenced as single 241 end reads. This procedure eliminates small ROH and may underestimate the size of ROH 242 and we chose to take this approach to focus on genome-wide patterns for which we had 243 rigorous support. 244 245
Allele Frequency Trajectories 246
We separated nucleotides by allele frequency trajectories to identify the major trends 247 occurring during inbreeding and recovery. 'Fixation' nucleotides were defined as 248 segregating in the Ancestor and >95% major allele frequency in all Inbred and Recovery 249 lines. 'Intermediate' were those segregating in the Ancestor and changed in frequency 250 <50% through inbreeding and recovery. The remaining sites were filtered into four trends: 251
(1) 'Bounce Down' sites had low frequency in the Ancestor, higher frequency in the Inbred, 252 and lower frequency in recovery; (2) 'Up' sites increased in frequency during both 253 inbreeding and recovery; (3) 'Bounce Up' sites had high initial frequency, lower frequency 254 during inbreeding and higher frequency during recovery; and (4) 'Down' sites had high 255 frequency in the Ancestor that decreased through inbreeding and recovery. These The mean cumulative per individual progeny for the Ancestor was 563 ± 35 and inbreeding 293 decreased this to 196 ± 8, a 65% reduction ( Fig. 2A) . Total progeny increased by 44% to 294 283 ± 12 after 200 generations of recovery but unexpectedly shrank to 219 ± 12 after 295 another 100 generations of recovery ( Fig. 2A) . In contrast, the mean lifespan in the 296
Recovery lines was 4 days longer than that of the Ancestor and the oldest individual in the 297 Recovery lines lived 12 days longer than the longest living Ancestor (Fig. 2B ).. 298
Age-specific fecundity differed among lines (Fig 3) . The Inbred line completed 90% 299 of its egg laying within the first 3 days of reproduction and 100% of its egg laying within 5 300 days. In comparison, the Ancestor completed 52% of its egg laying within the first 3 days of 301 reproduction and continued egg laying at a low rate for the 7 day assay period. The 302
Recovery lines completed 76-81% of their egg laying within the first 3 days and continued 303 egg laying at decreasing rates for 7 days. 304 305
Allelic Diversity 306
Allelic diversity was reduced during inbreeding ( Fig. 4A-E ). Of the 150,348 segregating sites 307 observed, 139,658 (93%) of these were variable in the Ancestor and 51,408 (34%) were 308 variable in the Inbred line. It is difficult to exactly calculate a neutral expectation for 309 homozygosity under our inbreeding design because the brother-sister mating was paused 310 at generation 7 and then continued for an additional 23 generations (Fig. 1 ). However, we 311 can use 23 generations of inbreeding as a minimum for our homozygosity expectation, 312 noting that the true expectation will be somewhere between 23 and 30 generations of 313 inbreeding. On average we expect brother-sister mating to homogenize ½ of the 314 heterozygous variants each generation and (½) 23 or ~1.2x10 -7 will remain after inbreeding. 
Runs of Homozygosity 326
Heterozygosity peaks were larger in the Ancestor and smaller in the Inbred population but 327 located in roughly similar regions ( Fig. 4A-F) . Chromosome X showed little change in 328 heterozygosity after inbreeding (Fig. 5A, D) while Chromosome II showed a decrease in 329 heterozygosity after inbreeding (Fig. 5B, E) . Roughly one half of Chromosome IV showed a 330 decrease in heterozygosity after inbreeding (Fig. 5C, F) Of the 150,348 variable sites, 98,160 (65.29%) were segregating in the Ancestor and fixed 336 during inbreeding. These sites were classified as 'Fixation' (Fig. 6A ). Of these, 46,267 337 (30.77%) were at 'Intermediate' frequencies throughout inbreeding and recovery (Fig. 6B ). 338
The remaining 5,918 (3.94%) segregating sites were classified into trends based on their 339 behavior during inbreeding and recovery. A small proportion of sites (3,868; 2.57% of the 340 total variation) 'bounced down,' where the major allele frequency began high in the 341 Ancestor, dropped during inbreeding, and increased during recovery (Fig. 6C) . 'Bounce up' 342 sites (343; 0.23% of the total) began at low frequency, rose during inbreeding, and 343 decreased during recovery ( Fig 5D) . A small minority of sites (45; 0.035% of the total set) 344 began at high frequency which was pushed down during inbreeding and continued to drop 345 during recovery ( Fig 5E) . In 1,662 (1.11%) sites the major allele frequency rose during 346 inbreeding and continued to rise during recovery ( Fig 5F) . 347
Nucleotides on the X chromosome had strikingly different patterns (Fig. 6G) The mean per-site FST between Ancestor and Inbred lines was 0.5 and the distribution was 372 strongly bimodal ( Fig. 8) . Roughly 30% of the variable sites in this comparison (74,505) had 373 FST < 0.1 indicating little allelic divergence between the Ancestor and Inbred lines at these 374 nucleotides. In contrast, ~60% of the segregating sites had substantial FST>0.5 between the 375
Ancestor and Inbred. 376
Discussion 377
The cycle of the generation of inbreeding depression and its subsequent recovery has 378 probably been fundamentally important during the transition of breeding systems between 379 outcrossing and self-fertilization (Charlesworth 2006 , we find that the highly genetically 385 diverse, outcrossing nematode C. remanei did not recover from inbreeding in our study. We 386 found that 99% of strains died after just seven generations of inbreeding, and those that did 387 survive had severely reduced fecundity (Fig. 4A) . The fitness impacts of inbreeding are 388 complemented by our genomic data, which show that the Inbred line had far fewer fixations 389 than expected under a neutral model. Populations did not recover fecundity even after 300 390 generations of evolution at large population sizes. Overall, the severe reduction in fecundity 391 with little recovery and complexity of the genomic response show that the effects of 392 inbreeding are both detrimental and long lasting in C. remanei. 393
In contrast to our results, mutation accumulation studies have shown that it is 394 possible to rapidly recover from complete homozygosity within experimental populations 395 experiments might be much larger than those that escape natural selection within 439 segregating populations. Similarly, we would expect most of the variants fixed during the 440 generation of inbreeding depression to be recessive (Charlesworth and Charlesworth 441 1999) , whereas mutations in mutation accumulation studies can in principle have any 442 dominance effects (albeit with some bias toward recessivity). These two factors make it 443 much more likely that the main mutational effects "fixed" by compensatory mutations in a 444 mutation-accumulation recovery experiment will have larger effects than most segregating 445 variation under inbreeding depression, which might make them more likely targets for 446 compensatory change. 447 However, the third and most likely explanation based on genetic architecture for the 448 extremely slow recovery of fitness under inbreeding-and the one most clearly supported 449 by the genomic data-is that there are simply many more segregating deleterious 450 mutations in natural populations than are generated in mutation-accumulation 451 experiments. Our "ancestral" C. remanei population displayed high levels of polymorphism 452 at many different sites. In particular, generation of the initial inbred line revealed the 453 presence of many recessive lethal alleles under close interbreeding (Fierst et al. 2015 ; see 454 also Dolgin et al. 2007 ). The surviving inbred population had a severe loss of fitness due to 455 fixation of many slightly deleterious alleles. The presence of numerous sites that are 456 actually resistant to complete inbreeding suggests that C. remanei populations are subject 457 to high levels of segregation load and carry complex incompatible genetic combinations. 458
The complex structure of the genetic load of the ancestral C. remanei population was 459 therefore likely critical to the constrained recovery demonstrated in our Recovery lines. 460
Despite the constrained recovery in fitness, there was clearly very strong and 461 consistent selection for alleles leading to evolutionary rescue via new mutations. We were 462 still able to detect 102 SNPs with parallel changes across the three Recovery lines. 36 of 463 these sites were found within 30 genes, and we were able to determine some functional 464 information for many of these genes (Table 1 ). The majority are involved in alimentary, 465 muscular, nervous and reproductive systems. Given the low fitness recovery we observed 466 and the complexity of gene interactions (Phillips 2008) these parallel changes indicate 467 alleles with strong phenotypic effects. So, we do in fact see a clear signal for an evolutionary 468 response, but it is spread across many different independent sites. Many, many more sites 469 display independent response within in each replicate, and many of these are likely to be 470 functional relevant, however it is difficult to distinguish these from other possible effects, 471 including genetic drift, without more formal functional validation. These genes, and the 472 alleles we identified in the Recovery lines, are potential targets for molecular manipulation 473 and CRISPR genome editing for studying genotype-phenotype-fitness relationships in C. 474
remanei. 475

Deleterious mutations and aging 476
Unlike fecundity, lifespan did not show any decrease under inbreeding. Instead, the 477 Recovery lines evolved an increase in lifespan when compared with both the Ancestor and 478
Inbred lines (Fig. 2B) . The basic premise of inbreeding depression is traits decline in value 479 because deleterious alleles will always have a negative effect on traits under positive 480 directional selection. A lack of decline in longevity with inbreeding would therefore suggest 481 that longevity itself is not under selection, nor is it strongly correlated with other traits 482 under selection. This result is consistent with an experimental evolution study in C. elegans 483 which did not find any evidence for a tradeoff between early reproduction and longevity 484 (Anderson et al. 2011 ). Alternatively, the alleles involved in lifespan extension could have 485 been physically or statistically linked to a region under selection in the Recovery lines. We 486 did identify parallel allelic changes in FL81_06442, a C. remanei protein orthologous to the 487 C. elegans protein R05A10.2. This protein is affected by daf-2, an aging factor, in C. elegans 488 (Kenyon et al. 1993 ) and may be a target for further studies investigating lifespan in C. 489
remanei. 490
Genetic basis of inbreeding depression 491
Our genomic data showed that fixation and resistance to inbreeding were not 492 consistent across the genome. The X chromosome in particular showed genetic resistance 493 with 73% of variable sites retaining ancestral polymorphism after inbreeding. In C. remanei, 494 as in other Rhabditid nematode species, females carry 2 X chromosomes (denoted XX) and 495 males carry a single X chromosome (denoted X0) with no Y or male-specific chromosome 496 (Brenner 1974; Nigon and Dougherty 1949) . This exposes the X chromosome to different 497 selection dynamics since recessive deleterious alleles are exposed in haploid condition in 498 males and may have already been purged by purifying selection prior to inbreeding. High 499 levels of genetic resistance on the X chromosome may also imply that C. remanei genetic 500 load and resistance to inbreeding are related to sex-specific selection and X-autosome 501 epistasis that differs for males and females. 502
Sexually reproducing organisms are expected to accumulate extensive suites of 503 mildly deleterious loci when found at large population sizes that can lead to substantial 504 inbreeding depression when shifted to smaller population sizes. In a sense, the change in 505 fitness due to inbreeding is not qualitatively different to changes in the environment in 506 which previously favorable alleles are now deleterious. In both cases, new mutations are 507 needed to allow the species to escape the new state of low fitness in order to adapt and 508 escape the possibility of eventual extinction. Given the rapidly changing face of the planet, 509 there are has been recent renewed attention to the importance of "evolutionary rescue" as a 510 means of confronting continuing degradation of the environmental and genetic landscape 511 (Bell 2019) . Despite some hopeful indications based on earlier mutation-accumulation 512 studies, our results indicate that evolutionary rescue alone may not be powerful enough for 513 recovery from inbreeding (Stewart et al. 2017 ). For the nematode C. remanei, this is almost 514 certainly caused by the very large number of segregating deleterious alleles in the 515 population prior to inbreeding. The total number of loci involved makes it impossible for a 516 small number of compensatory mutations to lead to rapid recovery of fitness. Part of the 517 complexity of the genetic basis of inbreeding depression in this species is due to the very 518 large effective population sizes at which it exists in nature. It is possible that species with 519 smaller population sizes might have few segregating alleles before inbreeding, leading to 520 less severe fitness effects. On the other hand, those species are also likely to exist at large 521 enough population sizes to allow a sufficient number of compensatory mutations to enter 522 the population before demographic factors drive the population to extinction. Overall, our 523 results suggest that evolution is unlikely to lead to rapid rescue of endangered populations, 524 at least from a genetic point of view. 
